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Summary
Background: Autophagy as a conserved lysosomal/vacuolar
degradation and recycling pathway is important in normal
development and physiology, and defects in this process are
linked tomany kinds of disease. Because toomuch or too little
autophagy can be detrimental, the process must be tightly
regulated both temporally and in magnitude. Two parameters
that affect this regulation are the size and the number of auto-
phagosomes; however, although we know that the amount of
Atg8 affects the size of autophagosomes, the mechanism for
regulating their number has not been elucidated. The tran-
scriptional induction and repression of the autophagy-related
(ATG) genes is one crucial aspect of autophagy regulation, but
the transcriptional regulators that modulate autophagy are not
well characterized.
Results: We detected increased expression levels of ATG
genes, and elevated autophagy activity, in cells lacking the
transcriptional regulator Pho23. Using transmission electron
microscopy, we found that PHO23 null mutant cells contain
significantly more autophagosomes than the wild-type. By
RNA sequencing transcriptome profiling, we identified ATG9
as one of the key targets of Pho23, and our studies with strains
expressing modulated levels of Atg9 show that the amount of
this protein directly correlates with the frequency of autopha-
gosome formation and the level of autophagy activity.
Conclusions: Our results identified Pho23 as a master tran-
scriptional repressor for autophagy that regulates the fre-
quency of autophagosome formation through its negative
regulation of ATG9.
Introduction
Macroautophagy, hereafter referred to as autophagy, is a
highly conserved, intracellular degradation and recycling pro-
cess that is tightly regulated by nutrient depletion and many
other kinds of stress. In yeast, autophagy is essential for sur-
vival in nutrient-poor conditions and for adaptive responses
to other changing environmental conditions through cellular
remodeling [1]. In higher eukaryotes, autophagy is required
for normal development and physiology, whereas autophagic
dysfunction is associated with many types of human disease,*Correspondence: klionsky@umich.eduincluding cancer, neurodegeneration, andmetabolic disorders
[2, 3]. Under stress conditions, portions of the cytoplasm are
sequestered within a transient double-membrane structure,
termed the phagophore. The phagophore is initiated and
expanded from the phagophore assembly site [4], a perivacuo-
lar punctum nucleated by most of the essential molecular
machinery of autophagy. After elongation and completion,
the phagophore forms a double-membrane vesicle, called
the autophagosome. The autophagosome is then delivered
to the vacuole (functionally analogous to mammalian lyso-
somes) and its outer membrane fuses with the vacuole limiting
membrane, releasing its inner vesicle together with the en-
closed cargo into the vacuole lumen. The cargo, including
cytosolic proteins and even entire organelles, is broken
down into macromolecular constituents such as amino acids
by vacuolar hydrolases and recycled into the cytosol, to allow
cells to survive during stress conditions [5].
Our understanding of the molecular mechanism of auto-
phagy has been greatly advanced by yeast genetic studies in
the past two decades, and more than 30 autophagy-related
(ATG) genes have been identified as important players that
are needed to initiate, complete, and regulate this complex
process [1, 6-8]. Although an early study examining genome-
wide changes in gene expression under different environ-
mental conditions provided the first indication that many
ATG genes were transcriptionally regulated upon autophagy
induction [9], little is known about the specific transcriptional
regulators of autophagy. Furthermore, how differential induc-
tion of ATG gene expression leads to different levels of Atg
proteins and contributes to each step of the autophagy
pathway is not well understood.
Altered expression of many ATG genes has been observed
in various human diseases [10-13], suggesting a connection
between autophagy regulation and disease progression. At
present, ATG8 is one of the best-characterized genes encod-
ing a component of the core autophagy machinery, and it
represents the only example in which studies have shown
how protein level directly contributes to function in autopha-
gosome formation: expression of ATG8 is negatively regulated
by the transcription factor Ume6, and the Atg8 protein controls
phagophore expansion during autophagosome formation; the
amount of Atg8 correlates with autophagosome size [14, 15].
However, how the induction of expression of other ATG genes
contributes to autophagy is still unknown, and which tran-
scriptional regulators participate in this event remains to be
determined.
Here, we identified Pho23 as a transcriptional repressor for
autophagy, which negatively controls the mRNA levels, and
subsequent protein levels, of many components of the auto-
phagy core machinery, including ATG1, ATG7, ATG8, ATG9,
and ATG14. We also detected elevated autophagy activity
and increased frequency of autophagosome formation in
pho23D cells. We subsequently focused on the regulation of
ATG9, the gene for which transcription was most strongly
affected by Pho23. Atg9 is the only transmembrane protein
required for autophagosome formation, and it displays a rela-
tively unique subcellular distribution and trafficking pattern
[16-18]. Therefore, we wanted to determine how the amount
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Figure 1. Pho23 Represses the Transcription of
Several ATG Genes When Autophagy Is Sup-
pressed
(A) Protein extracts were generated fromwild-type
and pho23D strains in the indicated backgrounds
after growth in YPD to mid-log phase (growing
conditions) and then shifted to SD-N medium
(nitrogen starvation). Proteins were resolved by
SDS-PAGE, then detected by western blot with
anti-Atg8 and anti-Pgk1 (loading control) antisera.
The Atg8 protein level was increased in growing
conditions in pho23D cells relative to the wild-
type in all three strain backgrounds.
(B) The ratio of pho23D to wild-type mRNA
levels of the indicated ATG genes was
measured by qRT-PCR. RNA extracts were
prepared from wild-type (SEY6210) and pho23D
(JMY047) cells after growth in YPD to mid-log
phase. The error bars represent the SEM of at
least three independent experiments. Two-tailed
t test was used for statistical significance; *p <
0.05, **p < 0.01.
(C) Protein extracts were prepared as in (A) from wild-type and pho23D strains in growing conditions. The indicated proteins were detected by western blot
using antisera to the endogenous proteins or an antibody that detects the protein A (PA) tag. Pgk1 was used as a loading control.
See also Figure S1 and Table S1.
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1315of Atg9 affects autophagosome function and morphology
separate from other Atg proteins such as Atg8. We found
that Atg9 has a role in regulating the frequency of autophago-
some formation and that Atg9 protein levels correlate with the
number of autophagosomes. These findings advance our
understanding of the molecular events occurring during
autophagy induction, of how gene expression is regulated,
and of how this regulation modulates different aspects of
autophagosome formation.
Results
Pho23 Represses the Transcription of ATG Genes
ATG8 is an essential component of the autophagy machinery,
and both its mRNA and protein levels are significantly elevated
after a short time of autophagy induction [19]. Furthermore,
among theATG genes,ATG8 is themost well-studied example
of how altered expression levels affect the autophagy
outcome; reduced ATG8 expression results in a decrease in
the average size of autophagosomes and a corresponding
reduction in autophagy activity [15]. These features make the
Atg8 protein level a good indicator for transcriptional induction
of autophagy. Accordingly, we screened more than 200 yeast
null mutant strains in the BY4742 background focusing on
transcriptional regulators that could potentially control ATG
gene expression, using the Atg8 protein level as detected by
western blot for the initial readout. From the screen, a consis-
tently increased Atg8 protein level in growing conditions (SD-
N, t = 0), but not after nitrogen starvation, was detected in a
PHO23 deletion mutant strain relative to the wild-type control,
and this phenotype was further confirmed in two additional
yeast backgrounds (Figure 1A; Table S1 available online).
To determine whether Pho23 also regulates the expression
of other ATG genes, we also examined the mRNA levels of
several genes encoding the core machinery of autophagy,
including ATG1, ATG7, ATG8, ATG9, ATG12, ATG14, and
ATG29, in both wild-type and pho23D cells, by real-time quan-
titative RT-PCR (qRT-PCR; Figure 1B). For most of these
genes, the mRNA levels during vegetative growth clearly
increased in pho23D cells compared to the wild-type, with
the exception being ATG12, which showed less than a 10%increase. We further tested whether the transcriptional in-
crease in these genes seen in the pho23D cells resulted in a
correlative change in protein levels, similar to the result with
Atg8 (Figure 1A). Protein extracts were prepared from cells in
growing conditions (i.e., when Pho23 is predicted to act as
a negative regulator) and analyzed by western blot. We found
elevated levels of Atg1, Atg7, Atg9, and Atg14, and to a lesser
extent Atg29, in thepho23D strain relative to thewild-type (Fig-
ure 1C). In contrast, there was no clear change in the level of
Atg12. Together, these results identified Pho23 as a potential
transcriptional repressor of autophagy.
Cells Lacking Pho23 Have Increased Autophagy Activity
and Generate More Autophagosomes
To determine whether Pho23 can regulate autophagy activity
through its transcriptional regulation of ATG genes, different
well-established assays were performed to measure auto-
phagy activity in pho23D versus wild-type cells. A plasmid
that expresses GFP-Atg8 driven by the CUP1 promoter was
transformed into both wild-type and PHO23 deletion strains
to examineGFP-Atg8 processing; we used theCUP1promoter
to eliminate Pho23-dependent effects on GFP-Atg8 expres-
sion. The GFP-Atg8 processing assay is based on the fact
that a population of GFP-Atg8 is attached on the inner mem-
brane of the autophagosome and released into the vacuole
upon autophagy; this chimera is processed through the action
of vacuolar hydrolases to generate free GFP in the vacuole
lumen. Thus, the conversion of GFP-Atg8 into GFP is used
as a readout for nonselective autophagic degradation [20].
An increasing amount of GFP-Atg8 processing was observed
in the wild-type and pho23D strains following autophagy
induction (Figure 2A). A reduced amount of the full-length
chimera was seen in pho23D cells compared with the wild-
type after 1 hr starvation, and this difference became more
significant following 2 hr of nitrogen starvation, suggesting
increased autophagy flux in pho23D cells.
To extend our analysis, we took advantage of the quantita-
tive Pho8D60 assay. The Pho8D60 protein is an altered form
of the vacuolar alkaline phosphatase that cannot be delivered
to the vacuole via the secretory pathway; the cytosolic
zymogen can be sequestered within an autophagosome
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Figure 2. Pho23 Negatively Regulates Autophagy Activity
(A) Wild-type (BY4742) and pho23D (JMY018) cells with a centromeric
plasmid expressing CUP1 promoter-driven GFP-ATG8 were grown to
mid-log phase in SMD-Ura and shifted to SD-N for the indicated times. Auto-
phagy activity was measured by the GFP-Atg8 processing assay.
(B) Wild-type (WLY176) and pho23D (JMY048) cells were grown to mid-log
phase in YPD and shifted to SD-N for the indicated times of nitrogen starva-
tion, and autophagy activity was monitored by the Pho8D60 assay.
Pho8D60 activity was normalized to the wild-type strain (set to 100%) after
3 hr of nitrogen starvation. The graph shows the average activity from three
different experiments. Error bars represent the SEM. Two-tailed paired t test
was used for statistical significance; *p < 0.05, **p < 0.01.
(C) Wild-type (SEY6210) and pho23D (JMY047) cells were grown overnight,
diluted to 0.1 optical density 600 (OD600), grown tomid-log phase (0.6 OD600)
in YPD, and shifted to SD-N for 30 min of nitrogen starvation. The precursor
(pr) and mature (m) forms of Ape1 were separated by SDS-PAGE and de-
tected with anti-Ape1 antiserum by western blotting. Pgk1 was detected
with anti-Pgk1 antiserum as a loading control.
(D) Precursor Ape1 processing in wild-type (vac8D; CWY230) and pho23D
(pho23D vac8D; JMY146) cells at 0, 30, and 60 min after nitrogen starvation
was detected by western blotting as in (C).
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1316and activated within the vacuole lumen [21]. Measuring the
Pho8D60-dependent alkaline phosphatase activity can
therefore be used to monitor nonselective autophagy. The
Pho8D60 activity was measured for samples prepared from
wild-type and pho23D cells after 0, 1, 2, and 3 hr of nitrogen
starvation. In agreement with the GFP-Atg8 processing assay,
pho23D cells showed increased autophagy activity compared
with the wild-type cells after 2 and 3 hr of nitrogen starvation
(Figure 2B).
We further tested whether Pho23 may affect selective auto-
phagy by looking at the maturation of the precursor form of
aminopeptidase I (prApe1). The mature form of this enzyme
(Ape1) is a vacuole-resident hydrolase, and prApe1 is constitu-
tively delivered to this organelle through the cytoplasm-to-
vacuole targeting (Cvt) pathway. Following delivery, prApe1
is processed to a mature, active form that migrates as a
lower-molecular-weight band during SDS-PAGE; vacuolar
delivery can thus be monitored by western blot. The Cvt
pathway is considered to be a selective type of autophagy,
which is dependent on Atg19, the receptor for prApe1 [22].
When we compared prApe1 maturation between wild-type
and pho23D cells, the majority of the protein was present as
the mature form even in growing conditions, although
pho23D cells appeared to have even less of the precursor
form remaining; however, under these conditions it wasdifficult to determine whether there was a significant differ-
ence in prApe1processing between the twostrains (Figure 2C).
To solve this technical problem, we took advantage of the
phenotype of the vac8D mutant; in these cells, prApe1 pro-
cessing is essentially blocked in growing conditions but is
restored by nitrogen starvation [23]. Importantly, vacuolar
delivery of prApe1 in these cells requires the specificity com-
ponents Atg19 and Atg11, indicating that the import is still a
selective process. In the vac8D pho23D strain, we observed
a low level of prApe1 processing even in growing conditions
and an increased level of processing relative to the control
vac8D (WT) strain after a short time of nitrogen starvation (Fig-
ure 2D), indicating increased vacuolar delivery of prApe1 by
selective autophagy in the absence of Pho23.
The elevated autophagy activity seen in the pho23D cells
could be accounted for by an increased size or number of
autophagosomes. Accordingly, we used transmission elec-
tron microscopy (TEM) to examine autophagic bodies, the
single-membrane vesicles that result from the fusion of
autophagosomes with the vacuole. We generated strains
deleted for the PEP4 gene, which codes for a key hydrolase
that is needed to break down autophagic bodies, and the
VPS4 gene, which is necessary for the multivesicular body
pathway. The wild-type (pep4D vsp4D) and pep4D pho23D
vsp4D strains were grown to mid-log phase and switched to
starvation conditions. Samples were prepared and analyzed
by TEM (Figure 3A). Quantification of the TEM images indi-
cated that the average sizes of autophagosomes in the
pho23D and wild-type strains were similar (Table S2); in
contrast, the number of autophagic bodies per cell was nearly
doubled in the pho23D cells relative to the wild-type after 3 hr
of starvation (Figure 3B). These results further support the
hypothesis that Pho23 negatively regulates autophagy and
that this regulation may operate by controlling the frequency
of autophagosome formation rather than the extent of auto-
phagosome expansion (i.e., regulating the number rather
than the size of autophagosomes).
The increased number of autophagosomes generated
in the pho23D cells indicated an increased frequency of
autophagosome formation. To test whether this difference
in frequency of formation was due to the increased rate of
generating single autophagosomes, or to shortened gaps be-
tween the formation of two autophagosomes, we used fluo-
rescence live imaging of cells expressing GFP-Atg8, which
labels the forming autophagosome. The lifetime of each indi-
vidual GFP-Atg8 punctum reflects the time needed to com-
plete the formation of the represented autophagosome [24].
The average lifetime of the GFP-Atg8 puncta was 6.1 min in
pho23D, cells versus 9.6 min in the wild-type (Figures 3C
and 3D), indicating that in the Pho23-depleted cells each
single autophagosome could be generated in a shorter time
than in the wild-type cells. Overall, our results suggest an
accelerated process of autophagosome formation when
PHO23 is deleted; therefore, more autophagosomes can be
generated in a given time of autophagy induction in the
mutant cells.
Pho23 Regulates Autophagy in an Rpd3-Dependent
Manner
To further understand the mechanism of how Pho23 regulates
the transcription of ATG genes, we looked at Rpd3, a histone
deacetylase (HDAC), which is associated with Pho23 and is
required for the function of the Rpd3 large (Rpd3L) complex
in gene repression [25]. Rpd3 occupies the promoter of
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Figure 3. pho23D Cells Have an Increased Fre-
quency of Autophagosome Formation
(A) Representative TEM images of wild-type
(pep4D vps4D; FRY143) and pho23D (pep4D
pho23D vps4D; JMY050) cells after 3 hr of nitro-
gen starvation. More autophagic bodies accumu-
lated in the vacuole of pho23D cells. Scale bar,
500 nm.
(B) Estimated average number of autophagic
body numbers per cell in wild-type and pho23D
strains after 3 hr of nitrogen starvation. Estimation
was based on the number of autophagic body
cross sections observed by TEM in two indepen-
dent experimental sets of more than 100 cells
each for each strain. Two-tailed t test was used
for statistical significance; *p < 0.05.
(C) Representative images of GFP-Atg8 in wild-
type (MZY089) and pho23D (SKB233) cells.
Brackets indicate the lifetime of each punctum.
Scale bar, 2 mm.
(D) Distribution of GFP-Atg8 puncta lifetimes.
Cells were imaged for 45 min beginning 40 min
after a shift to nitrogen starvation. The lifetime of
each individual punctum was determined as the
time from when the punctum first appeared and
began brightening to the timewhen it either disap-
peared or began a second round of brightening
(indicating a second round of autophagosome
formation from the same phagophore assembly
site). N > 300 puncta from >65 cells per condition.
Mean lifetime numbers show the SEM.
See also Table S2.
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1317many genes, and it is brought to different clusters of gene
promoters by alternative recruiters [26]. Although Pho23 is
not required for the enzyme activity of the Rpd3L complex, it
functions as one of the recruiters essential for the specific
localization of the Rpd3L complex to its target promoters
[27, 28].
To understand whether the Pho23-dependent repression of
ATG genes is related to Rpd3, we analyzed available data from
a previous genomic study in which the transcriptome of 165
histone-modifying genes, including PHO23 and RPD3, was
established by two-channel microarray [4]. We compared the
genes that showed more than a 1.5-fold increase in the
pho23D and rpd3D strains from their microarray study and
found that Rpd3 regulates most of the genes targeted by
Pho23 (122 of 143), including ATG1, ATG7, and ATG9,indicating that Pho23 may suppress
transcription in an Rpd3-dependent
manner (Figure S1A). To test this hypo-
thesis, we compared the mRNA level of
these ATG genes in wild-type, pho23D,
rpd3D, and pho23D rpd3D deletion
strains (Figure S1B). All of the single-
and double-deletion mutants showed
increased mRNA levels of ATG1, ATG7,
ATG8, ATG9, and ATG14 compared
with the wild-type strain. Furthermore,
an additive increase of ATG1, ATG7,
ATG9, and ATG14 mRNA levels was not
detected in the pho23D rpd3D double-
deletion strain relative to the rpd3D
mutant, suggesting that in rpd3D cells,
Pho23 no longer represses the transcrip-
tion of these ATG genes.Of the ATG genes we tested, ATG8, was an exception in that
the pho23D rpd3D double mutant displayed a higher level of
expression relative to either single mutant (Figure S1B). Previ-
ously, we showed that Ume6, a DNA-binding protein that
belongs to the Rpd3L complex, suppresses autophagy
(at least in part) through its direct repression of ATG8
transcription [14]. We further tested the possibility that
Pho23 regulates ATG gene transcription through Ume6 by
monitoring the ATG gene mRNA levels in a ume6D strain
compared to the pho23D ume6D double-deletion mutant (Fig-
ure S1B). Whereas deletion of PHO23 in the ume6D back-
ground did not result in an additional increase of ATG8
mRNA, other ATG genes, including ATG1, ATG7, ATG9, and
ATG14, showed a higher mRNA level in the double-deletion
mutant. These data suggest that the role of Pho23 in the
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Figure 4. pho23D Cells Maintain Higher ATG9
Expression Levels Relative to the Wild-Type after
Autophagy Is Activated
(A and B) Gene RPKM (reads per kilobase per
million mapped reads) values under growing (A)
or 2 hr nitrogen starvation (B) conditions are shown
for the wild-type (SEY6210) versus the pho23D
(JMY047) strains. Genes with expression changes
more than 2-fold in pho23D cells are highlighted in
red, while ATG genes are indicated by gray-out-
lined yellow circles and ATG9 is indicated by a
blue triangle.
(C) The ratio of the gene RPKM of the pho23D
strain to the wild-type is calculated for the top
hits among the ATG genes.
(D) Atg1 and Atg9 protein levels in wild-type (TVY1)
and pho23D (JMY020) cells in the pep4D back-
ground after 0, 0.5, 1, and 2 hr nitrogen starvation
were analyzed by western blot. Pgk1 was used
as a loading control.
See also Tables S3–S5.
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1318repression of ATG8 transcription is regulated less by Rpd3,
and rather is Ume6 dependent, whereas for the other ATG
genes tested, the deletion of UME6 does not release the
Pho23-dependent transcriptional repression.
Finally, we examined the protein level of Atg1, Atg8, and
Atg9 by western blot in cells lacking RPD3, UME6, and/or
PHO23 (Figure S1C) and found that the results were consistent
with the respective mRNA patterns. That is, in the rpd3D
background, deletion of PHO23 did not further increase the
Atg protein levels, whereas in the ume6D background Atg1
and Atg9, but not Atg8, were more highly expressed when
PHO23 was also deleted. These results support the model
that there are different forms of Rpd3L that target various
groups of genes through different subunits of the complex;
Pho23 and Ume6 belong to different, but partly overlapping,
Rpd3 complexes, which have different effects on autophagy
gene expression. This model may explain why in pho23D cells
we observed more, but not enlarged, autophagosomes (Fig-
ure 3A and 3B), which is different from the phenotype of larger
autophagosomes in ume6D cells observed in the previous
study [14].
Pho23 Is Required for Extended Repression of ATG9
Transcription
The Atg proteins participate in different steps of autophagy;
therefore, the change of expression of different ATG genes
may cause different effects on autophagy. At present, Atg8
is the only protein reported to affect the size of autophago-
somes [15]; however, there are no clear data as to whether
any of the Atg proteins play a role in regulating the frequency
of autophagosome formation.
To better understand how Pho23 regulates the autophago-
some number per cell, we next examined the Pho23-depen-
dent regulation of the known ATG genes relative to the entire
genome. Polyadenylated RNA was isolated from wild-type
and pho23D yeast cells in growing and starvation conditions
and analyzed by RNA sequencing (RNA-seq) using the Illumina
platform. In growing conditions, 12 out of 28 (41%) of the ATG
genes showed a more than 2-fold increase in mRNA levels inpho23D cells compared to the wild-
type, while only 322 out of all 6,650 (5%)
genes from the whole genome showeda similar increase (Figure 4A; Tables S3 and S4). We performed
a gene ontology (GO) enrichment analysis for these 322
transcripts and identified the autophagy pathway as one of
the top hits (Table S5). After 2 hr of nitrogen starvation, none
of the ATG genes showed a more than 2-fold increase in
transcript levels in pho23D cells relative to the wild-type
(Figure 4B). These results suggest that Pho23 acts as a po-
tential autophagy-specific transcriptional repressor, which
keeps autophagic transcription at a basal level when the
process is suppressed, and its negative effect on most target
genes is released by the starvation-dependent induction of
autophagy.
From the RNA-seq data, we further compared mRNA levels
of the ATG genes that showed the greatest increase in the
absence of Pho23 (Figure 4C). After nitrogen starvation,
when the role of Pho23 in repressing the transcription of
most of its ATG targets is largely diminished, we still observed
a moderate repression of Pho23 on a limited number of
its genes including ATG8 and ATG9. Because Atg8 regulates
autophagosome size rather than number [15], ATG9 seemed
a likely candidate to be a key target gene whose regu-
lation by Pho23 controls the frequency of autophagosome
formation.
To determine whether the extended repression of ATG9
mRNA transcription by Pho23 correlated with an altered level
of protein synthesis, we examined the protein levels of Atg9
at various time points (0, 0.5, 1, and 2 hr) after autophagy
induction by nitrogen starvation. To prevent the potential
degradation of Atg proteins by autophagy, we again utilized
the pep4D mutation. The expression pattern of the Atg9
protein was consistent with that of the mRNA; the pho23D
strain displayed a higher level of Atg9 relative to the wild-
type at time zero, and this was maintained throughout the
time course (Figure 4D). In contrast, the Atg1 protein level,
which we used as a control because ATG1 expression was
not dependent on Pho23 after starvation (Figure 4C), showed
a clear difference between the wild-type and pho23D strains
only at the early time points, and this difference essentially dis-
appeared by 1 hr of starvation.
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Figure 5. The Atg9 Protein Level Correlates with
Autophagosome Formation Frequency and Auto-
phagy Activity
(A) Four strains expressing different levels of
Atg9-GFP (A9D, the null control strain; A9Lo,
expression controlled by the ATG23 promoter
and thus lower than WT; A9WT, controlled by
the endogenous promoter; and A9OE, expression
controlled by the ATG8 promoter in addition to
the endogenous copy of ATG9 and thus higher
than WT) were grown in YPD to mid-log phase
and shifted to SD-N for 3 hr. Proteins were
resolved by SDS-PAGE and detected by western
blot with anti-Atg9 and anti-Pgk1 (loading
control) antisera. Atg9 intensity was measured
in ImageJ and represents an average of three in-
dependent experiments.
(B) Cell lysates were generated as in (A) and auto-
phagy activity was monitored by the Pho8D60
assay. Pho8D60 activity was normalized to the
A9WT strain (set to 100%) after 3 hr starvation.
The graph shows the average activity from at
least four different experiments. Error bars repre-
sent the SEM.
(C) Representative TEM images of the four A9
strains after 3 hr starvation. Scale bar, 500 nm.
(D) Estimated average number of autophagic
bodies per cell in the four A9 strains after 3 hr of
nitrogen starvation. Estimation was based on the number of autophagic body cross sections observed by TEM in two independent experimental sets of
more than 190 cells each for each strain.
(E) Atg9 protein level detected by western blot, average autophagic body number per cell estimated by TEM, and starvation-induced Pho8D60 activity (the
average Pho8D60 activity in growing condition was subtracted) of the four different A9 strains after 3 hr starvation were plotted on one graph for comparison.
See also Table S6.
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strongly affected by Pho23 repression; Pho23 regulates ATG9
transcription even after starvation, when the transcriptional
repression by Pho23 on most of the other ATG genes is
released.
The Level of ATG9 Expression Regulates the Frequency of
Autophagosome Formation
Atg9 is the only characterized transmembrane protein among
the autophagy core machinery, and it displays a dynamic traf-
ficking pattern between the phagophore assembly site and the
tubulovesicular clusters that are proposed to represent
membrane reservoirs for phagophore expansion [17, 18, 29,
30]. These characteristics support a model wherein Atg9
functions in directingmembrane to the phagophore from other
organelles and the movement of Atg9 is required for auto-
phagosome formation. Single-membrane vesicles containing
Atg9 are proposed to fuse to initiate phagophore formation,
indicating that Atg9 may also have roles in early steps of
autophagosome biogenesis [31]. The apparent extended
repression of ATG9 transcription by Pho23 and the increase
in autophagic bodies/autophagosomes seen in the pho23D
strain led us to hypothesize that the Atg9 protein level cor-
relates with the frequency of autophagosome formation and
thus determines in part the number of autophagosomes per
cell.
To test this hypothesis, we generated four strains that ex-
press different levels of ATG9. HDY001 (referred to here as
A9D) is the atg9D negative control, HDY003 (A9Lo) expresses
ATG9-GFP under the control of the ATG23 promoter and thus
synthesizes a level of Atg9 lower than that of the wild-type,
HDY002 (A9WT) expresses ATG9-GFP driven by the endoge-
nous ATG9 promoter, and HDY007 (A9OE) expresses ATG9-
GFP driven by the ATG8 promoter integrated into a wild-typestrain in addition to the endogenousATG9 gene and expresses
a higher level of Atg9 than the wild-type. The Atg9 or Atg9-GFP
protein levels in these strains were confirmed by western
blotting using anti-Atg9 antiserum (Figure 5A). Next, we quan-
tified the autophagy activity of these strains using the
Pho8D60 assay. All four strains showed similar levels of basal
Pho8D60 activity in growing conditions, but the Pho8D60
activities after 3 hr of nitrogen starvation varied (Figure 5B).
As expected, the A9WT strain showed a clear induction of
Pho8D60 activity after starvation (this value was set to 100%
and used for the normalization of the other activities), while
the activity of the A9D strain remained at the background level.
The A9Lo strain showed approximately 60% of the Pho8D60
activity of A9WT, and the A9OE strain displayed approximately
130% of the activity of A9WT, being significantly higher than
the wild-type level. These results indicated that the Atg9 pro-
tein level correlates with/regulates autophagy activity.
Finally, as with the pho23D strain, the changes in autophagy
activity could be due to differences in autophagosome size
and/or number. Therefore, we deleted PEP4 in each of these
strains and measured the size and counted the number of
autophagic bodies after 3 hr of nitrogen starvation using
TEM. As expected, no autophagic bodies were observed in
the A9D strain. For the other strains, the estimated average
number of autophagic bodies per cell was increased in the
order of increased ATG9 expression (Figures 5C and 5D),
which again strongly supports our hypothesis that the Atg9
protein level regulates the frequency of autophagosome for-
mation and thus controls the autophagic body number in
each cell. At higher levels of Atg9 expression, the highest
correlation was seen between autophagic body number and
Pho8D60 activity, whereas Atg9 protein expression appeared
to be saturating near that of the wild-type (Figure 5E). These
results also provide a partial explanation for the increased
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(Figures 3A and 3B), since ATG9 expression was significantly
increased in these cells before, and continued after, auto-
phagy induction.
Discussion
Here, we identified Pho23 as a transcriptional repressor, the
absence of which causes increased transcription of several
autophagy genes, increased frequency of autophagosome
formation, and elevated autophagy activity. Pho23, together
with Yng1 and Yng2, compose the inhibitor of growing (ING)
family in yeast [32]. The ING family proteins share a significant
sequence identity on their conserved C-terminal plant homeo-
domain (PHD) finger, and each of them has been identified as a
subunit of distinct chromatin modification complexes [28].
Pho23 has two human homologs, ING1 and ING2, which asso-
ciate with a HDAC complex, and are candidate tumor suppres-
sors [33]. In yeast, Pho23 is associated with Rpd3, an HDAC,
and is required for the gene-repressive function of the Rpd3L
complex [25]. Although Pho23 is not required for the HDAC
activity of Rpd3, it is essential for the specific recruitment of
Rpd3 to the promoters of its target genes [27, 28]. In this study,
we found that Pho23 represses the transcription of certain
ATG genes in an Rpd3-dependent manner, which raises the
possibility that Rpd3 controls ATG gene transcription specif-
ically through Pho23. However, there is no evidence that
Pho23 can directly bind to DNA, and therefore, the recruitment
of the Pho23-Rpd3 complex may further depend on additional
DNA binding molecules. One of the DNA-binding components
of the Rpd3L complex, Ume6, represses the transcription of
ATG8 and autophagy activity [27, 28], but our data suggest
that Pho23-dependent transcriptional repression of ATG
genes other than ATG8 is independent of Ume6. Thus, the
DNA-binding partner of Pho23 that may target the Pho23-
Rpd3 complex to the promoters of ATG genes remains to be
identified.
Recently, HDACs have become potential targets for various
disease therapies, including cancer and metabolic disorders
[34]. Our findings reveal a possible mechanism for howHDACs
may play a role in these diseases through the regulation of
autophagy. HDAC inhibitors have been studied as candidate
drugs for various diseases including cancer, and our finding
that Pho23 may target autophagy genes in a more specific
manner than Rpd3 suggests a potential therapeutic strategy;
targeting the ING proteins rather than the histone deacetylase
itself may increase the efficiency, while decreasing the side
effects, of particular drugs.
In cells lacking PHO23, several ATG genes displayed an
increase in expression. Thus, it was not immediately clear
which gene product(s) accounted for the observed increase
in autophagosome number. In order to specifically examine
the role of Atg9, we constructed strains in which only the
expression of the ATG9 gene was altered. In this report, we
show, by comparing Pho8D60 activity and autophagic body
numbers, that the amount of Atg9 regulates autophagy activity
by modulating the number of autophagosomes (Figure 5).
Generally, higher levels of Atg9 result in more autophagic
bodies and higher autophagy activity; however, with a more
careful comparison, we found that the Atg9 level is not corre-
lated in an absolutely linear manner with autophagic body
number or autophagy activity (Figure 5E). The A9Lo cells,
which express only 21% of the Atg9 of the A9WT cells and
form only one-third the number of autophagosomes, showedas high as 48% of the induction of the autophagy activity
relative to the A9WT cells. This observation can be explained
by the increased average size of the autophagic bodies
observed in the A9Lo cells (Table S6). We do not know the
reason for this increase in size; however, we suggest that
this may be due to the delay of autophagosome formation
caused by the reduced amount of Atg9, which could provide
additional time for the phagophore to expand. Overall, the
reduced number of autophagosomes seen with lower levels
of Atg9 reflects a role for this protein in the rate of autophago-
some expansion or closure, but further studies will be needed
tomake this determination. Conversely, the A9OE cells, whose
Atg9 expression level is almost twice that of the A9WT cells,
showed only a moderate increase (w25%) of autophagic
bodies and autophagy activity. Most likely, only increasing
the Atg9 level beyond that of the wild-type is not sufficient to
dramatically increase autophagosome formation, as other
Atg proteins may become limiting.
In cells lacking PHO23, a significantly increased number of
autophagic bodies per cell was detected (Figure 3B), even
higher than in the A9OE cells. This increase is likely primarily
due to the elevated Atg9 protein levels in the pho23D cells,
but its magnitude suggests that the increased expression level
of other Atg proteins such as Atg7, Atg14, and Atg29 whose
expression is also increased in pho23D mutants may be
involved as well. Carefully designed experiments will be
needed to separate the functions of these other proteins
from Atg9 in order to test their roles in regulating autophago-
some number, because some of them affect the trafficking of
this protein.
In summary, our results suggest a relatively direct connec-
tion between Atg9 level and autophagosome formation fre-
quency. Additionally, the data show that Pho23 represses
ATG gene expression levels, especially in growing conditions,
and that this repression—in particular, the repression of
ATG9—decreases the frequency of autophagosome formation
and limits autophagic activity.
Experimental Procedures
Yeast Strains, Media, and Culture
Yeast strains used are listed in Table S1. Gene deletions or integrationswere
performed using a standard method [35]. Samples for growing conditions
are collected from mid-log phase yeast cells grown in rich medium (YPD:
1% [w/v] yeast extract, 2% [w/v] peptone, and 2% [w/v] glucose; or SMD:
0.67% yeast nitrogen base, 2% glucose, and auxotrophic amino acids
and vitamins as needed). Autophagy was induced through nitrogen starva-
tion by shifting cells in mid-log phase from YPD to SD-N (0.17% yeast nitro-
gen base without ammonium sulfate or amino acids, and 2% [w/v] glucose)
for the indicated times.
Plasmids
Plasmid pRS406-ATG9p-ATG9-GFP contains 1,000 bp ofATG9 50 sequence
in front of the ATG9-GFP open reading frame, plasmid pRS406-ATG23p-
ATG9-GFP contains 750 bp of the ATG23 50 sequence instead of the
ATG9 promoter, and plasmid pRS406-ATG8p-ATG9-GFP replaces
the ATG9 promoter with 1,000 bp of the ATG8 50 sequence. These ATG9-
GFP-expressing plasmids or the corresponding empty vector (pRS406)
were linearized and integrated into the wild-type or atg9D strain to generate
the A9 strains indicated in Table S1.
RNA-Seq
Yeast cells were grown in YPD to mid-log phase and then shifted to SD-N.
Total RNAs were extracted using the Master-Pure yeast RNA purification
Kit (Epicenter Biotechnologies). cDNA library preparation and Illumina
high-throughput sequencing was performed by the DNA sequencing core
at the University of Michigan. Reads from multiplexed libraries were
scanned for a perfect match to each unique 6 nt barcode. If more than
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Remaining reads were scanned for one mismatch to each 6 nt barcode. If
more than one barcode was matched with one mismatch, the 30-most
barcode was chosen. The mean sequencing error rate for each library
was estimated from the mean quality score. Reads were mapped using
Bowtie2 [36] (parameters: -f -v 3 -k 500 --best --strata) to the yeast tran-
scriptome derived from yeast genome version S288C. Alignments with qual-
ity score less than 88 were discarded. A majority of mapped reads mapped
to a unique locus in the transcriptome; these reads were used to calculate
reads per kilobase per million mapped reads (RPKM) for each yeast gene
(for details, see Tables S3 and S4).
qRT-PCR
Yeast cells were grown in YPD to mid-log phase and then shifted to SD-N.
Total RNAs were extracted using the RNeasy Mini kit (QIAGEN), and reverse
transcription was performed using the High Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems). Real-time PCR was performed using
the Power SYBR Green PCR Master Mix (Applied Biosystems).
GFP-Atg8 Live Imaging
Cells were immobilized for live imaging as described previously [15]. Images
were collected on a DeltaVision Elite deconvolution microscope (GE Health-
care/Applied Precision) with a 1003 objective and a CCD camera (CoolSnap
HQ, Photometrics). Twelve-image stacks (0.4 mm spacing, to cover the
entire cell) were taken each minute for 45 min, deconvolved, projected,
and manually analyzed to determine GFP-Atg8 puncta lifetime.
Other Methods
Western blot, the GFP-Atg8 processing and Pho8D60 assays, and TEM
were performed as described previously [20, 37, 38]. Antisera to Atg8 [39],
Atg1 [40], Atg9 [16], Ape1 [41], Pgk1 (a generous gift from Dr. Jeremy
Thorner, University of California, Berkeley), and a commercial antibody
that reacts with protein A (no longer available) were used as described
previously.
Statistical Analysis
Two-tailed Student’s t test and two-tailed paired Student’s t test was used
to determine statistical significance.
Accession Numbers
The Gene Expression Omnibus accession number for the pho23D
sequencing data reported in this paper is GSE57031.
Supplemental Information
Supplemental Information includes one figure and six tables and can be
found with this article online at http://dx.doi.org/10.1016/j.cub.2014.04.048.
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